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ABSTRACT across most of the aquifer system also indicates that the aquifer system

This report synthesizes information on the regional ground-water figfc€ives recharge across most of the study area.
and geochemistry in the Midwestern Basins and Arches aquifer systgm in The northeastern part of the aquifer system near Lake Erie differs from
parts of Indiana, Ohio, Michigan, and lllinois. Aquifers that compose thige rest of the system with respect to regional ground-water flow and chemis-
water-table aquifer system include glacial aquifers and an underlying, atedilly Specifically, part of the northeastern part of the aquifer system can be
extensive carbonate-rock aquifer. characterized as a broad area (tens of miles) of weak regional discharge (less
Water within the aquifers is most commonly a Ca-Mg-H@@e or a than 0.5 |nch‘per year). Results of the reglo_nal gro_u‘nd-water flow model indi-
Ca-Mg-SQ type. In general, the distribution of hydrochemical facies wit jfate that regional flow systems have a limited ability to carry ground water

the aquifer system is controlled by the mineralogy of the aquifer materid@y from this area; thus precipitation is prevented from recharging the
rather than by a chemical evolution of water along general directions 'g@ional flow systems in this part of the aquifer system. Some ground water
regional ground-water flow. recharged during Pleistocene glaciation was found in this area. Sulfide con-

. . . centrations and sulfur isotope data, which indicate that extensive sulfate reduc-
Some ground-water flow systems within the aquifer system provide

flow to st - ; d-wat h ts. Oth f has occurred in the aquifer system within this area, confirm that only
ow fo streams In response 1o ground-water recharge events. Other (Olfghiy,) recharge of this part of the aquifer system has taken place over a long
deeper) ground-water flow systems respond minimally to variations in grgu

T . ) riod of time.
water recharge from precipitation and provide a fairly constant supply of The | t simulated d-water ths within th if ;
to streams. Streamflow hydrographs and base-flow duration curves wer: e longest simulatéd ground-water flow paths within the aquiter system

sed . . e :
to estimate such components of base flow in selected streams for long-t! rly 50 miles) were also |dgnt|f|ed in the northeastern part. of the aquifer
steady-state conditions in the aquifer system. Mean sustained ground em- ;hesstﬂow Igatrls tetrmrmate art L_arirlfetElrleléOOré(t)he b?s's Ofr cafrbc;]rglét
discharge (discharge from fairly stable ground-water flow systems) ran a, some or the oldest walers ("?‘pp oximately 1, years) were found a
from 3 to 50 percent of mean ground-water discharge (discharge fro downgradient end of these particularly long flow paths. The area near these

ground-water flow systems) to the selected stream reaches. These percent 2 %g ihsin's t:]oir?gl\)/(/;:eeraawgzmv::s 3g:g$\;e?jysi:18r?hlen Wehr:gr]ala (?i);ztcetin(:r?m(:)f
indicate that 50 to 97 percent of base flow in the streams within the stud 9 - 9 ; gen
can be attributed to transient ground-water flow systems, which typically ional ground-water flow. Not all of the regional flow paths in the northeast-

a major component of local-scale flow. Because ground-water flow acro S%nepart of the aquifer system are particularly long. The very oldest waters that

external boundaries of the aquifer system is minimal, such percentage ifgre found in the aquifer system (approximately 38,000-45,000 years) are

cate that most ground-water flow in the aquifer system is associated wit ssociated with comparably short ground-water flow paths (apprpxmatgly .10
: miles). These waters are present beneath the Maumee River Basin and indicate
sonally transient local flow systems.

. that parts of the aquifer system beneath the Maumee River Basin are fairly
Results of a ground-water flow model that was calibrated by us s‘fégnant.

regression methods and that simulates regional flow systems within the aguifer

system (approximately 10 percent of total ground-water flow in the aquifer

system) indicate that most water (99 percent) in simulated regional flow| sys-

tems is from recharge at the water table. Most water (78 percent) discharges INTRODUCTION

from simulated regional flow systems to the principal streams. Less than

cent of water in simulated regional flow systems discharges to the Ohio \ . . . .

Lake Erie, or downdip areas in the lllinois (structural) Basin. . Quatemary glacial de.pOSItS and underlylng Pevoma_n and
Simulations also indicate that most of the Midwestern Basins and A t‘@gu”an carbonate rock in parts of Indiana, Ohio, Michigan,

aquifer system is characterized by alternating regional recharge and dis¢haf@é Illinois compose the Midwestern Basins and Arches aqui-

areas at intervals Qf Iess‘ than every 10 miles_ along the domina}nt re i_cfeerl system investigated as part of the Regional Aquifer—Sys-

trends of the potentiometric surfaces in the aquifers. Such alternating re: iq Analysis (RASA) program of the U.S. Geological Survey

recharge and discharge areas result in the absence of long flow paths from t . . .
very highest regional potentiometric levels to the very lowest regional po rr?'- GS) (Sun and Johnston, 1994)' Objectlves of the Mid-

ometric levels. The presence of tritiated ground water (less than 50 years Wi@stern Basins and Arches RASA project were to describe
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the geohydrology, ground-water flow, and geochemistry
this aquifer system (Bugliosi, 1990). Large subregions of
Midwestern Basins and Arches aquifer system were p
ously investigated (Ohio Department of Natural Resour
Division of Water, 1970; Norris and Fidler, 1973; Bloy
1974; Weist, 1978; Indiana Department of Natural Resou
1988, 1990); these investigations, however, were limite
areal extent by political boundaries (state lines) or surf
water drainage divides. The RASA program provided
opportunity to synthesize earlier work and to study the
areal extent of the aquifer system.

Principal results of the Midwestern Basins and Arc
RASA project are presented in Professional Paper 1
Chapter A is a summary of the aquifer system. Chapte
describes the geohydrologic framework of the aquifer sys
Chapter C (this chapter) describes regional ground-water
and geochemistry in the aquifer system.

PURPOSE AND SCOPE

This report presents information on the geohydrology
and regional flow and geochemistry in the Midwestern Ba
and Arches aquifer system in parts of Indiana, Ohio, Mi
gan, and lllinois. Specific report objectives are to describe
physical and hydraulic boundaries of the aquifer system
regional relations between surface water and ground w
(3) a numerical model used to compute a regional gro
water budget, regional recharge and discharge areas, an
terns of regional ground-water flow; and (4) ground-wg
chemistry in relation to these patterns of regional flow. In
“Summary and Conclusions” section of the report, the hy
logical and geochemical information are integrated to pre|
a comprehensive analysis of the occurrence and flow of v
in the aquifer system.

Regional flow, as defined for this report, is ground-wa
flow associated with flow systems that are minimally affeg
by seasonal variations in ground-water recharge from pre
tation. Although local-scale flow systems that readily resp
to variations in ground-water recharge are numerous

important throughout the aquifer system, it was outside ¥

scope of the RASA project to investigate such flow systg
Specifically, local flow systems are not explicitly simula
by the numerical ground-water flow model.

APPROACH

A steady-state quasi-three-dimensional finite-differe
ground-water flow model (numerical model) was construc
calibrated, and used to describe regional flow in the Midw
ern Basins and Arches aquifer system. Before this regi
ground-water flow model was constructed, calibration tar
were established. These calibration targets are based on
sured ground-water levels and estimated ground-water

SIS—MIDWESTERN BASINS AND ARCHES

démarge from regional flow systems, as approximated from
theeasured streamflows, and were used to judge how well the
emizmerical model simulated field conditions in the aquifer sys-
Ce8m. The numerical model (a mathematical representation of
dregional flow in the aquifer system) was built from a concep-
C&fal model (a simplified description of the aquifer system).
d fMe conceptual model was developed by synthesizing infor-
A¢Ration on the thickness and areal extent of the aquifers and
#dnfining units within the aquifer system, as well as informa-
fulbn on hydraulic characteristics, boundary conditions, flow
regimes, sources and sinks of water, and general directions of
"&Found-water flow. A geographic information system (GIS)
Addis used to prepare a geographically referenced data base of
2lti3s information, which was then converted for input into the
Sfmerical model by use of an interface program (Van Metre,
f19900). Available computer codes MODFLOW (McDonald
and Harbaugh, 1988) and MODFLOWP (Hill, 1992) were
used to construct and calibrate the numerical model on the
basis of a nonlinear-regression method developed by Cooley
and Naff (1990). Nonlinear regression was used to automati-
oélly adjust parameter values that represent hydraulic charac-
sitegistics of the aquifers and confining units, as well as annual
chiecharge, so that the calibration targets were matched as
> Cldsely as possible. Aspects of the model other than the
Arameter values were calibrated by trial and error adjust-
ai@ent. A postprocessing routine (Harbaugh, 1990) was used to
INElp quantify ground-water budgets. Output from the cali-
dfdted numerical model was also used in conjunction with the
\8J|S to map regional recharge and discharge areas. The parti-
tIBf'e—tracking program MODPATH (Pollock, 1989) was used to
Ir@atermine and illustrate simulated advective regional ground-
SGidter flow patterns. An additional postprocessing routine was
A1€Ed to map discharge vectors (Scott, 1990).

Geochemistry data were used to describe the relations
ltglr'nong ground-water chemistry, aquifer mineralogy, and
ted . . .

Ci@rigzgent and past patterns of regional flow in _the Mlldw.elste_rn
oRgsins and Arf:hes aqun‘(_ar system. '_I'he spatial variability in
AN concentrations of major solutes in the ground water was
aluated and related to the source aquifers and general pat-
nlerns of regional ground-water flow. Chemical and isotopic
e:analyses of ground water and aquifer material along general
directions of regional ground-water flow were used to evalu-
ate the important hydrologic and geochemical processes con-
trolling ground-water chemistry and to qualitatively estimate
ground-water ages.

nce
ted,
est-
onal The authors gratefully acknowledge numerous landown-
getes for their cooperation in allowing water samples and other
rhgdrologic information to be collected on their properties. In

digdition, the authors thank Frank Voss, Robert Hanover, and

ACKNOWLEDGMENTS




GEOHYDROLOGY

Anthony Robinson, who helped with many aspects of
work presented herein.

GEOHYDROLOGY

The area of principal hydrologic interest of the Midwe
ern Basins and Arches RASA project encompasses app
mately 44,000 nfi most of which is in the Midwester
Basins and Arches Region as defined in Shaver (19
Boundaries of this study area (fig. 1) are coincident with
contact between Devonian limestones and younger Devg
shales (fig. 2) or surface-water bodies.

GEOLOGIC SETTING

The Midwestern Basins and Arches aquifer system ge
ally lies between the Appalachian, the lllinois, and the Mig
gan (structural) Basins and is located along the axes o
Cincinnati, the Findlay, and the Kankakee Arches in part
Indiana, Ohio, Michigan, and lllinois (fig. 2). The sedime
tary rocks within the area range in age from Precamb
through Mississippian; however, bedrock units of prim
interest range in age from Ordovician (Cincinnatian) thro
Lower Mississippian (table 1). The oldest bedrock u
exposed at the bedrock surface are generally found alon
axis of the Cincinnati Arch in the south-central part of
study area, owing to several periods of erosion (figs. 2 an
In general, units exposed at the bedrock surface are prg
sively younger with distance from the axes of the arches.
faults or fault zones partially dissect these sedimentary r
within the region (fig. 2).

The bedrock units of Ordovician age (Cincinnatian) ¢
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tAde carbonate rocks are overlain by shales of Devonian and
Mississippian age along the margins of the structural basins.
Erosion has resulted in the loss of the shale sequence
throughout the central part of the study area except for an
area approximately 50 mi northwest of Columbus, Ohio (fig.
2). This shale outlier is referred to herein as the “Bellefon-
Staine Outlier.”
roXI-The bedrock is overlain by Quaternary glacial deposits
Nthroughout most of the study area (fig. 5 and table 1). These
8@éposits directly overlie the carbonate rocks in the central
tbart of the area (subcrop area of the carbonate rocks) and
NiRRrlie the younger shales along the margins of the structural
basins. Glacial deposits mask the ancient bedrock topography
and bury numerous valleys in the bedrock surface.
The Quaternary glacial deposits—the result of multiple
glacial advances—range in age from Kansan (oldest) to Wis-
nepnsinan (youngest) (Bennison, 1978). The deposits of Kan-
héan and lllinoian age are not widespread within the study area
f &l typically are present beyond the limit of the Wisconsinan
sio€ sheet (fig. 5). The Kansan and lllinoian deposits are also
srthinner than the more widespread deposits of Wisconsinan
riage (Goldthwait and others, 1965; Geosciences Research
afyssociates, 1982; Soller, 1986). The Wisconsinan ice sheet
ugioded much of these earlier glacial deposits; this resulted in
nitendforms that contain material from multiple glacial
gadeances. The resultant geomorphology is illustrated in figure
tHes a photograph of a shaded relief generated from digital
dtepographic data for every 30 seconds of latitude and longi-
gtede (U.S. Geological Survey, 1987).

Four The glacial deposits include ground- and end-moraine
pcleposits, glaciolacustrine deposits, and outwash deposits (fig.
5); ice-contact stratified drift is present within the moraine
pleposits. The glacial deposits range in thickness from 0 to

sist of interbedded shales and limestones. Shales predomiag@oximately 400 ft (fig. 7) (Mozola, 1969, 1970; Fleck,

in these units; less than one-quarter of the sequence is
up of limestones (Gray, 1972). This sequence of interbe
shales and limestones thickens eastward from the we
border of Indiana toward Ohio and is overlain by carbo
rocks (limestones and dolomites) of Silurian and Devo
age. These carbonate rocks locally contain some evap
deposits in northwestern Ohio and northern Indiana (Fre
and Rooney, 1969; Janssens, 1977); they contain sulfide
erals in an area associated with the Findlay Arch (Boto
and Stieglitz, 1978). The carbonate rocks of Silurian

Devonian age range in thickness from 0 ft at the contact
the rocks of Ordovician age to 2,500 ft in southeastern M
igan (Casey, 1994) (fig. 4). Erosion has resulted in the lo
hundreds of feet of carbonate rock from across the ce
part of the study area. The carbonate-rock sequence has
completely eroded in places by the ancient Teays-Mahg
River system, described in Melhorn and Kempton (1991)
a result of this erosion, the older shales and limestong
Ordovician age are present at bedrock surface in sin

nERRD; Gray, 1983; Soller, 1986). The areas dominated by
ldgrdund- and end-moraine deposits are characterized by broad,
stem ridges with smooth, gentle slopes separated by flat, gen-
dtg undulating plains (Mickelson and others, 1983). End
iamoraines are close together where they abut highlands, such
otitethe Bellefontaine Outlier (Young and others, 1985). The
yriofineral composition of the moraines reflects local bedrock;
maipeut 4 percent of the material in Ohio was transported from
mine Canadian Shield north of the study area (Strobel and
aRdure, 1987).

with Surficial glaciolacustrine deposits are present in the low-
idands adjacent to Lake Michigan and Lake Erie and are the
sg@sult of glacial lakes that formed along the margins of the
nietreating Wisconsinan ice (Young and others, 1985) (figs. 5
laeeh6). These glaciolacustrine deposits are dominated by lake
rbettom silts and clays. Minor sands and gravels mark the
Asaches of ancient shorelines (Goldthwait and others, 1965);
ssofme lakebed sands in Michigan just west of Lake Erie have
Ldneen mapped (Western Michigan University, Department of

exposures north of their principal area of exposure (fig,

Beology, 1981).



